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Abstract: Shifting from fossil fuels to alternative energies is crucial for mitigating climate change
and reducing dependence on environmentally harmful resources. Measuring the soil footprint of
alternative energies is equally essential, as it helps promote sustainable development. This research
proposes a methodological approach to assess the land consumed by photovoltaic panels installed
on land (PVL), on roofs (PVR), and wind power systems (WP) in Italy. A sample of 186 plants was
analysed, and the total area occupied by these plants was measured. Moreover, the area needed for
new infrastructure and facilities serving the plants was measured. Finally, the land use change was
assessed by determining the land use before installing PVL and WP. Approximately 92.8% of WP
entailed the construction of new road networks, while 34.8% of PVL required the construction of new
buildings. The surface area demand by the WP was lower (1.3 m2 kW−1) than PVL (21.2 m2 kW−1).
Overall, a highly positive correlation was found between the nominal power of the plants and the
total area occupied (R2 = 0.94, 0.95, and 0.90 for PVL, PVR, and WP, respectively). The areas occupied
by new plants were mainly devoted to agriculture (75.8% for PVL and 71.4% for WP); however, WP
were also located in forest areas (17.9%). The methodology proposed may be extended to assess the
global footprint of alternative energies and address sustainable energy management.

Keywords: land use change; land consumption; soil footprint; renewable energies; photovoltaic
systems; wind power

1. Introduction

International commitment to curbing global warming has spurred many countries
to make drastic changes in the use of resources. The United States and European Union
have pledged to achieve net-zero emissions by 2050 and China by 2060 [1]. The shift from
fossil fuels to low-carbon energy is mandatory to reach the net-zero emissions goal and
promote a circular economy [2]. Several studies have assessed the positive effects on the
environmental footprint generated by adopting alternative energies [3,4]. Solar panels,
solar photovoltaic systems (PV), and wind power (WP) are alternative energies that will
drive the transition to net-zero emissions.

The implementation and diffusion of alternative energy plants were stimulated by
international agreements such as the Kyoto Protocol and the Paris Agreement [5]. Moreover,
several countries have introduced various incentives to promote the transition to alternative
energies [6]. According to Azam et al. [7], almost 30% of global energy consumption comes
from WP and solar sources, and projections forecast a further diffusion of such sources [8].
According to the report of the International Renewable Energy Agency (IRENA), in 2021,
within renewable energies, hydroelectricity accounted for 55%, WP for 23%, solar energy
for 13%, bioenergy for 8%, and geothermal energy for 1% [9]. However, PV and WP are
growing faster than other sources [10].

Nevertheless, implementing renewable energy plants may have some drawbacks
related to land use and soil footprint. For example, bioenergy plants imply intensifying
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or expanding agricultural land, resulting in a loss of biodiversity, significant input needs,
and a visual impact [11]. It was observed that in Italy, 24.7 m2 of land is required to
produce 1 kW of electrical energy through anaerobic digestion [12]. Solar systems can
be installed on roofs or other building components, agricultural greenhouses, or land
(natural/rural areas) [13]. In this last case, the land area occupied and impacted by solar
system installation can be considered their footprint [14]. A WP plant implies lower land
occupation compared to solar systems. However, wind farms are often located in remote
areas, and their realisation implies building infrastructures, such as roads and transmission
lines, which further increase their impact on land use [15]. Moreover, safety areas and the
minimum distance between the windmills are necessary for aerodynamic reasons [16].

Not all alternative energies entail a direct soil footprint. For example, agrivoltaic
systems utilise the underlying agricultural surface, thus mitigating the actual soil footprint
associated with the installation of energy plants. However, solar, PV, and WP plants
significantly impact land use change and soil footprint and require analytical approaches
and indicators to monitor their sustainability. Analysing land use change and the soil
footprint associated with alternative energies is paramount in evaluating their long-term
sustainability. Understanding the impact of the installation of alternative energies on the
environment may provide essential insights for rational development and responsible
decision-making. Thus, quantifying the land use change and soil footprint of alternative
energies is crucial for establishing comprehensive planning protocols and crafting legal
regulations on energy installations.

Research conducted so far has focused on indirect methods for measuring land use
change and soil footprint. Thus, the side effects on biodiversity and ecosystem services
were quantified [17,18]. The review by Hastik et al. [17] focused on the environmental
constraints of exploiting renewable energy sources in mountainous areas. Based on their
findings, removing residues from biomass forests impoverishes the soil and affects forest
growth. Moreover, deadwood represents the ideal habitat for fungi, lichens, and animals.
More generally, the review assessed that land use intensification, determined by increased
demand for bioenergy, impacts soil and water quality. In their review of environmental
impacts related to PV, Tawalbeh et al. [18] analysed the habitat reduction due to PV installa-
tions. Thus, using degraded land to install PV plants would represent a reasonable solution
for reducing the soil footprint of PV systems.

Other researchers intended the soil footprint solely in terms of bioenergy plant poten-
tial, as summarised in the review by Bentsen and Felby [19]. According to their findings,
producing biomass for energy purposes implies converting natural areas, such as forests,
grasslands, and wetlands, to agriculture. The land use change leads to increased greenhouse
gas emissions and a depletion of biodiversity. Such an impact is particularly concerning
considering that projections anticipate that in 2100, 20 Mha of land will be necessary for
biomass production [20].

Only a few studies have proposed an actual measure of the land consumed by re-
newable energies. Ferrari et al. [12] proposed a study to determine the soil footprint of
agricultural anaerobic digestion plants in Italy based on aerial imagery. In their study, the
soil footprint was calculated as the sum of the total area occupied by the anaerobic digestion
plant, the area occupied by plant structures (e.g., anaerobic digester, cogenerator), the area
occupied by new roads, and the area dedicated to other scopes (e.g., manoeuvring area).
The findings demonstrated that the average soil footprint of agricultural biogas plants
is 16,380 m2, 64.3% of which was dedicated to other manoeuvring operations. Similarly,
Hernandez et al. [21] calculated the land-use efficiency of PV power plants (>20 MW) in
California, intended as plant power in nominal capacity in Watts (W) per metre squared
(m2) of occupied area. Their data, derived from official government documents, showed
that each m2 of land occupied produces approximately 30 W.

However, the authors did not specify how the total area was calculated in their sources.
Moreover, the average nominal capacity of European plants is much smaller than that of
American ones [22]. For example, in Italy, plants with nominal power less than or equal
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to 20 kW constitute more than 90% of the total installed systems (https://www.gse.it/,
assessed on 21 July 2023). Finally, to the best of our knowledge, studies quantifying the
land use change caused by PV and WP are missing. Thus, an estimation of the impact on
land use and soil footprint of PV and WP in the European context must be included.

This research aims to complete the first work quantifying land use change and soil
footprint caused by clean energy systems [12]. Thus, the impact of PV and WP on land use
in Italy was assessed. The specific objectives were to (i) determine the influence of PV and
WP on land use change, (ii) evaluate the soil footprint of PV and WP, and (iii) establish the
most cost-effective alternative energy system between PV and WP in terms of land use and
soil footprint.

2. Materials and Methods
2.1. Data Collection

A sample of 186 PV and WP plants was selected and analysed (Supplementary
Table S1). Data were collected using Atlaimpianti, the Italian national database of en-
ergy plants made available by the energy services managing authority Gestore Servizi
Energetici (GSE). The database collects the primary information on energy production
plants, such as type of plant (e.g., WP, PV, Anaerobic Digestion), geographical position
(Region—NUTS-2 level-, Province—NUTS-3 level-, and Municipality), and the nominal
power (expressed in kW).

The nominal power of a PV system is the total electrical power determined by the sum
of the individual instantaneous powers supplied by each PV module, measured at standard
conditions (temperature equal to 25 ◦C and radiation equal to 1000 W m−2). The nominal
power of WP turbines instead is the power provided by the system with wind conditions
equal to 12–15 m s−1 for medium-large plants and 10 m s−1 for small plants. The base map
allows for assessing the satellite photographs and locating the plants in the Italian territory.

The analysis was focused on PV installed on land (PVL), PV installed on roofs or
other building components (PVR), and WP plants. A random sample representing the
distributional proportions of the plants in Italian regions was chosen, and the coordinates
and the nominal power of each of the 186 plants were registered (Figure 1). The sample
was composed of 31 PVL (17.6%), 127 PVR (67.5%), and 28 horizontal-axis WP installed on
land (14.9%).

2.2. Data Processing

The coordinates of the sample plants were exported in the Google Earth Pro TM tool
(Google Inc., Mountain View, CA, USA). Google Earth Pro allows users to explore sites
through high-resolution satellite photos and measure the area and volume of features (e.g.,
buildings, fields). Moreover, it is possible to visualise historical images, thus allowing a
comparison between the past and current state of the territory.

Once the 186 sites were identified in Google Earth Pro, the actual area occupied by
the plants was measured using the ruler tool. When necessary, the area occupied by new
infrastructures and facilities built according to plant needs was also measured. Finally, the
total area resulting from the sum of the actual area of the plants and the area occupied by
new infrastructures was calculated. Concurrently, the characteristics of the plants, such
as actual area, total occupied area, nominal power, and plant tipology, i.e., PVL or PVR;
vertical- or horizontal-axis WP, were recorded in a Microsoft Excel sheet (Figure 2). For
each plant typology, the data collected in the Excel sheet was used to calculate the total
nominal power (i.e., the sum of the nominal power of each plant), the total actual area
(i.e., the sum of the actual area of each plant), the grand total area (i.e., the sum of the total
occupied area of each plant), the ratio between the total area occupied by PVL systems
and the total area dedicated to the construction of new infrastructures, and the average
surface area required to generate 1 kW of electrical energy (the ratio between the grand
total area and the total nominal power). The charts were realised using Microsoft Excel and
GraphPad Prism 8.0.0 (GraphPad Software, Inc.; San Diego, CA, USA) software.

https://www.gse.it/
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Figure 2. Visual identification of (a) photovoltaic systems installed on land (Google Earth Pro—
version 7.3.4.8642—October 2021, San Bellino (RO), Italy), 45◦2′15.80′′ N 11◦34′11.66′′ E, Image
Landsat/Copernicus), (b) photovoltaic systems installed on roofs (Google Earth Pro—version
7.3.4.8642—March 2021, Torri di Quartesolo (VI), Italy, 45◦31′33.80′′ N 11◦38′25.58′′ E, Image Land-
sat/Copernicus), and (c) wind power systems (Google Earth Pro—version 7.3.4.8642—February 2021,
Rivoli Veronese (VR), Italy), 45◦33′28.40′′ N 10◦48′46.40′′ E, Image @ 2023 CNES/Airbus).

An additional analysis was the investigation of the land use before and after the plant’s
installation. As regards the ex-ante land use, an analysis of the historical series enabled the
identification of the plant installation period and the previous type of land use in the cases of
PVL and WP. Four classes of previous land use were identified: cultivated agricultural land,
natural forest, permanent meadow, and others (e.g., uncultivated land, shore). Figure 3
reports an example comparing two aerial images before and after PV installation.
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Figure 3. Visual identification of land use change after installing photovoltaic systems on land:
(a) before installation, (b) after installation (Google Earth Pro—version 7.3.4.8642—September 2022,
Faenza (RA), Italy). 44◦13’56.69′′ N 11◦52’28.81′′ E, Image Landsat/Copernicus).

As regards the ex-post land use, whether establishing a new plant involved the
realisation of a new road network or the combination of new buildings and a road network
was assessed for PVL and WP.

Finally, Pearson’s correlation between nominal power and the area of land used to
install the plants was assessed. Figure 4 reports the flowchart of the methodological
approach and the mathematical equations used in the calculations.
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3. Results
3.1. Photovoltaic Systems

The land use change was assessed by analysing the historical series. The results
highlighted that 75.8% of the PVL occupied previously cultivated agricultural areas, mainly
dedicated to arable land. Then, 12.1% of the plants were in areas previously devoted to
permanent meadows; 3% were preceded by natural forests. Finally, 9.1% of the plants
were installed on land classified as other (Figure 5a). Mostly, before establishing the PVL
systems, the areas were uncultivated, such as portions of abandoned or unused land or
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occupied by other facilities. For example, a PVL system was located within the area of a
hydroelectric plant.
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The second analysis assessed the additional land used for permanent works such as
roads or buildings. The results showed that 34.8% of the new PVL systems required the
construction of new infrastructures, including roads, operational areas, and new buildings.
In total 26.1% of the new PVL systems implied the construction of a new road network
without additional buildings. Finally, 39.1% of the new PVL systems did not require the
implementation of additional infrastructures (Figure 6a).
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For the PVL examined, the construction of new infrastructures occupied 21,905 m2,
while the total area occupied by the plants was 1,108,512 m2. The total area included
both the actual space dedicated to the installation of PV panels and the space occupied
by the construction of new infrastructure. The ratio between the total area occupied
by PVL systems and the total area dedicated to the construction of new infrastructures
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was calculated. Examining the results, 2% of the total area of PVL was attributed to
infrastructures such as roads and buildings. Dividing the total area by the sum of the
nominal power of each PVL, it was determined that to produce 1 kW of electric energy
with a PLV, an average area of 21.2 m2 is necessary.

The final analysis was Pearson’s correlation between the nominal power of PVL
and the area used by the systems. The results displayed in Figure 7a showed a positive
correlation (R2 = 0.94).
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shown for each dataset. The representation is bilogarithmic.

Most plants analysed in this research were PVR (67.5%), thus representing the actual
Italian situation [10]. PVR can be implemented on several building types, i.e., private
homes, farms, industrial halls, garages, and car shelters. For this category of plants, only
Pearson’s correlation was performed, as no land use change or additional soil footprint
were needed. The correlation between the nominal power and the total covered area
(Figure 7b) highlighted a high coefficient of determination (R2 = 0.95).

3.2. Wind Power Systems Installed on Land

The WP systems were in the lowest frequency category. All plants identified had
onshore horizontal-axis WP installed on land. We analysed 28 WP, 71.4% of which were
located on lands previously used as cultivated agricultural areas, mainly arable land.
Another 17.9% was installed on former natural forests, 7.1% on stable meadows, and the
remaining 3.6% of the plants occupied various uncultivated areas (Figure 5b).

Extra land needed for permanent works, such as roads or buildings complementary to
WP systems, was assessed. Based on the findings, 92.9% of WP involved the construction
of a new road network to enable access to the plants. Only 3.6% of WP required a road
network and new buildings functional for plants. The remaining 3.5% did not involve
additional infrastructures (Figure 6b).
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For the WP investigated, the establishment of new infrastructures covered an area of
56,217 m2, whereas the total area occupied by the plants amounted to 136,765 m2. Therefore,
it was determined that 41.1% of the overall land hosting WP installations was used for
constructing new infrastructures. It was established that an average surface area of 1.3 m2

is required to generate 1 kW of electrical energy using WP.
Finally, Pearson’s correlation between the nominal power of WP and the area used by

the systems (Figure 7c). The results showed a positive correlation (R2 = 0.91).

4. Discussion

As the energy landscape evolves, it is crucial to recognise that the deployment of
alternative energy technologies has the potential to impact soil and land use patterns. As
demand for alternative energy grows, there is potential for competition with agricultural
and natural areas [17,23]. Thus, studies assessing the impact of alternative energy plants
may help implement comprehensive land use planning.

This research focused on the repercussions of PV and WP systems on land use change
and soil footprint. The results showed that PV and WP consume mainly agriculturally
cultivated land (Figure 5). Therefore, it is fair to assume that implementing alternative
energy plants may impact food availability. As for the food versus fuel debate that arose
in 2007/2008, one may expect land use change from cultivated land to PV or WP systems
to be considered controversial. However, cultivated land is used for more than just food
production but several other products [24]. Thus, considering alternative energy plants
as hampering food production could be a limiting point of view. Preserving food avail-
ability should not be addressed through an alternative energy policy alone but through a
comprehensive land use policy.

The alternative energy sector can also affect ecosystems and biodiversity. The results
shown in Figure 5 highlight a more significant impact of WP on natural forests than PV.
Usually, areas with wind resources are characterised by low biodiversity [25]. In Italy, most
WP systems are installed along the Alpine and Apennine crests, benefiting from favourable
wind conditions [26]. Implementing strict environmental impact assessments and habitat
restoration measures can help mitigate the adverse effects of alternative energies.

Moreover, this research proved that WP entails a higher soil footprint for constructing
new road networks than PV (Figures 5 and 6). On the other hand, PV systems often
require the construction of new buildings that are functional for the installations. However,
when analysing the average area necessary to produce 1 kW of electric energy, the results
showed a significantly lower surface area demand by the WP (1.3 m2 kW−1) than PVL
(21.2 m2 kW−1). It was previously determined that the land requirement of agricultural
biogas plants ranges from 23.7 to 48.9 m2 kW−1 [12]. Santra reported that to produce 1 kW
of electric energy with PLV, an average area of 29.4 m2 was necessary [27]. Therefore, WP
and PLR entail less land use than other alternative energy systems.

Quantifying the soil footprint of PV and WP systems holds significant importance as
it provides a comprehensive assessment of the true impact of energy installations. Beyond
just the physical footprint of the energy plant itself, the soil footprint should also consider
the additional land required for associated infrastructures. The approach presented in
this research offers a global overview of cumulative land use and environmental impact.
The results allow for a more accurate evaluation of the sustainability of alternative energy
plants. By quantifying the soil footprint, stakeholders and planners gain valuable insights
that can guide the more efficient positioning of new plants.

The findings pave the way for strategic considerations in efficiently planning alterna-
tive energy plants. Quantifying the soil footprint of PV and WP installations helps address
critical choices to optimise land use and minimise environmental impact. For instance,
concentrating PV and WP plants in specific areas can be explored, promoting more rational
and sustainable land use practices. Simultaneously, it is imperative to identify regions
where all generated energy can be consumed onsite. Combining these two aspects is
paramount for more efficient land development.
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In recent years, new alternatives have been exploited. For example, biomass from
landscape management proved to be a sustainable alternative for anaerobic digestion [28].
Moreover, agrivoltaic systems have grown dramatically [29]. In agrivoltaic systems, PV
systems are installed above or alongside crops, effectively creating a dual use of the land for
energy generation and crop cultivation. Thus, agrivoltaic represents a promising solution
for reducing competition for agricultural lands and forest invasion.

5. Conclusions

This research aimed to conclude previous work on land use and soil footprint by
anaerobic digestion plants in Italy. Here, the impact of PV and WP systems was analysed.
While alternative energies offer crucial solutions to address climate change and reduce
reliance on fossil fuels, it is vital to acknowledge and manage their impacts on land use and
soil footprint. To minimise these effects, a comprehensive approach is needed, focusing
on responsible site selection, restoration measures, and exploiting the benefits offered
by agrivoltaic. The current paper underscores the critical importance of expanding legal
regulations on alternative energies in the near future. Integrating additional sustainability
standards considering land use impact, soil footprint, and optimal plant positioning can
create a more holistic framework for governing alternative energy projects. Such a com-
prehensive approach ensures efficient resource utilisation and mitigates potential adverse
environmental effects. While navigating the transition to cleaner energy solutions, land-
scape regulations must evolve in tandem. Data-driven decision-making processes may
promote responsible land use and an efficient energy transition.

Supplementary Materials: The following supporting information can be downloaded at: https:
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